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(54) Method of producing a lithium Ion secondary battery and a lithium ion secondary battery 
produced thereby 



(57) A paste-like active material mixture prepared 
by nixing an active material powder and a particulate 
material comprising a polymer soluble in a nonaqueous 
electrolytic solution is applied, e.g., to collectors (1c, 2c) 
to a uniform thickness, and then dried to form positive 
and negative electrodes (1. 2) containing an active 



material powder and a particulate polymer. The two 
electrodes (1 , 2) are assembled into an electrode lami- 
nate (4) into which the foregoing electrolytic solution is 
then injected. 
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Description 

Background of the Invention 
1. Field of the Invention 

The present invention relates to a method of producing a lithium ion secondary battery comprising a nonaqueous 
electrolytic solution and more particularly to a method of producing and the structure of a safe lithium Ion battery having 
a high charge-discharge efficiency comprising a low fluidity or gelled electrolytic solution. 

9 nescription ^f Related Art 

Portable electronic apparatus have found a very great demand for reduced size and weight. The accomplishment 
of the demand greatly depends on the enhancement of the properties of the battery to be mounted in these portable 
electronic apparatus. In order to meet this demand, the development and improvement of various batteries are under 
way. In particular, a lithium battery is a secondary battery which can realize the highest voltage, energy density and load 
resistance in the exisling batteries. The improvement of lithium batteries is still under way. 

Rg 1 is a schematic sectional view illustrating the structure of an ordinary lithium ion secondary battery which has 
been put into practical use. The lithium ion secondary battery comprises as essential constituents a positive electrode 
1 a negative electrode 2. and an lonically-conducting layer 3 provided interposed therebetween. In this lithium ion sec- 
ondary battery, as the positive electrode 1 there is used a plate-like material fxepared by applying a mixture of an active 
positive electrode material powder la such as lithium-cobalt composite oxide, an electrically-conducting powvder lb and 
a binder resin to a positive electrode collector 1c. Similarly, as the negative electrode 2 there is used a plate-like mate- 
rial prepared by applying a mixture of a carbon-based negative electrode active material powder 2a and a binder resin 
to a negative electrode collector 2c made of copper. As the ionically-conducting layer 3 there is used a separator made 
of a porous film of polyethylene or polypropylene filled with a nonagueous electrolytic solution containing Irthium ion. 
The battery stmcture of the present example comprises a single electrode laminate 4 having a separator laminated with 

an .^^ battery comprising such a nonaqueous electrolytic solution is liable to rise in the danger off sparking, 

heat generation etc due to internal or external shortcircuiting caused by the rise in battery capacity. The rise in battery 
capacity faces a great apprehension that the battery might ignite. The elimination of this danger can be effectively 
accomplished by the reduction of the fluidity of the electrolytic solution. However, since the lithium ion battery comprises 
a porous electrode formed by coagulating a particulate active material, it Is very difficult for an electrolytic solution hav- 
ing a reduced fluidity to fill thoroughly microvoids in the electrode. On the other hand, it is necessary that the microvoids 
in the electnxie be filled with an electrolytic solution to improve tiie tattery properties. 

Further gelled electrolytes have been of interest and under extensive study for practical use from the standpoint of 
the reduction of the thickness of batteries. However, the gelled electrolytes, too. cannot be easily injected into the elec- 
trode It is thus very difficult for the gelled electrolytes to fill thoroughly voids in the electrode. Batlenes comprising a 
gelled electrolyte are disclosed in U.S. Patent Publication 5,460.904. "Nikkei Kicrodevice". Nikkei BP. Aug. 1996. page 
136 etc. 

*As mentioned above, it is not easy for any electrolytic solution to fill thoroughly miaovoids in the electrode. Thus, 
the production of such a battery faces a problem that it is drff teult to fill thoroughly voids in the electrode. This makes it 
impossible to provWe a safe lithium ion secondary tattery having a high charge-discharge efficiency. 

Summarv frf the Invention 

The present invention has been worked out as a result of the inventors' extensive studies of the filling of electro- 
lytes An object of the present invention is to provide a production process by which a safe lithium ion battery having an 
excellent charge-discharge efficiency comprising a low fluidity or gelled electrolytic solution can be easily obtained and 
a lithium ion secondary battery having a structure that can enhance tfie charge<lischarge efficiency thereof. 

The first aspect of the metinod of producing a lithium ion secondary battery is a method, which comprises ttie steps 

of: 

preparing an active material mixture by mixing an active material powder with a particulate polymer soluble in a 
nonagueous electrolytic solution: . . ^ . ... ^ * • , 

forming electrodes comprising said active material powder and particulate material by using the active material 

mixture as a raw material; 

assembling said electrodes into an electrode laminate: 
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and then injecting said electrolytic solution into said electrode laminate. 

The second aspect of the present invention is a method according to the first aspect of the present invention, 
wherein said particulate polymer solutDle in a nonagueous electrolytic solution comprises at least one of methacrylic 
5 polymer, acrylic polymer, polyethylene glycol . polypropylene glycol, and a copolymer obtained by the copolymerization 
of these polymers with other monomers. 

The third aspect of the present invention is a method according to the first aspect of the present invention, wheran 
the method further comprises the step of introducing the particulate polymer soluble in a nonagueous electrolytic solu- 
tion externally into voids in said electrode before the step of assembling into the electrode laminate. 
10 The fourth aspect of the present invention is a method according to the first aspect of the present invention, wherein 
the method further comprises the steps of: 

coating said electrode with or dipping in a solution of said polymer soluble in a nonaqueous electrolytic solution; 
and then drying before the step of assembling into the electrode laminate. 

15 

The fifth aspect of the present invention is a method according to the fourth aspect of the present invention, wfierein 
said active material mixture further comprises a binder resin and the method further comprises the step of heating said 
electrodes at the temperature in which said particulate polymer is melt and said binder resin is not melt 

The sixth aspect of the present invention is a method according to the fifth aspect of the present invention, wherein 
20 said particulate polymer comprises at least one of polyethylene glycol and polypropylene glycol and the step of heating 
said electrodes is the step of heating them at SO^C. 

The seventh aspect of the present invention is a method according to the first aspect of the present invention, 
wherein a diameter of said particulate polymer is not larger than 20 ^m. 

The eighth aspect of the present invention is a method according to the seventh aspect of the present invention. 
25 wherein a diameter of said particulate polymer is not larger than 5 \jm. 

The ninth aspect of the present invention is a method according to the present invention. wWch comprises the steps 

of: 

forming electrodes comprising an active material layer; 
30 introducing a particulate polymer soluble in a nonagueous electrolytic solution externally into voids in said elec- 
trode; 

assembling said electrodes into the electrode laminate; 

and then injecting said electrolytic solution into said t>attery structure. 

35 The tenth aspect of the present invention is a method according to the ninth aspect of the present invention, 
wherein the step of introducing the particulate polymer comprises externally introducing a particulate polymer soluble 
in said nonaqueous electrolytic solution into voids in said electrodes which comprise active material layers formed of an 
active material powder to prepare an electrode comprising said particulate material in voids. 

The eleventh aspect of the present invention is a method according to the tenth aspect of the present invention, 

40 wherein the step of introducing the particulate polymer is performed by supplying said electrodes into the particulate 
polymer and vibrating the particulate polymer. 

The twelfth aspect of the present invention is a method according to the tenth aspect of the present invention, 
wherein the step of introducing the particulate polymer is performed by coating said electrode with or dipping in a solu- 
tion of said polymer solut>le in a nonagueous electrolytic solution; 

45 

and then drying before the step of assembling into the electrode laminate. 

The thirteenth aspect of the present invention is a method according to the tenth aspect of the present Invention, 
wherein a diameter off said particulate polymer is not larger than 20 jim. 
so The fourteenth aspect of the present invention is a method according to the thirteenth aspect of the present inven- 
tion, wherein a diameter of said particulate polymer is not larger than 5 \im. 

The fifteenth aspect of the lithium ion secondary battery is a battery of the present invention, which conprises two 
opposing electrodes and a separator provided interposed therebetween, and a nonagueous electrolytic solution 
retained in voids in said electrodes and said separator, wherein a gelling material is incorporated in said electrodes so 
55 that the viscosity or gelation degree of said nonaqueous electrolytic solution is higher toward said separator. 

The sixteenth aspect of the lithium ion secondary battery is a battery of the fifteenth aspect which comprises a plu- 
rality of electrode laminates. 

The seventeenth aspect of the lithium ion secondary battery is a battery of the sixteenth aspect, wherein said plu- 
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rality of electrode laminates are formed by alternately arranging a positive electrode and a negative electrode between 
a plurality of separated separators. 

The eighteenth aspect of the lithium ion secondary battery Is a battery of the sixteenth aspect, wherein said plural- 
ity of electrode laminates are formed by alternately arranging a positive electrode and a negative electrode between the 
£. gap of a wound separator. a. - . • 

The nineteenth aspect of the lithium ion secondary battery is a battery of the sixteenth aspect, wherein said plural- 
ity of electrode laminates are formed by alternately an-anging a positive electrode and a negative electrode between the 
gap of a folded separator. 

10 Brififf Descrip tiftn nf the Drawings 

Fig. 1 is schematic sectional view illustrating the structure and electrode laminate of an ordinary lithium ion battery 
according to the present invention. 

Rg. 2 Is a schematic sectional view illustrating the multi-layer structure of another embodiment of the lithium ion 
15 battery according to the present invention. 

Fig. 3 is a schematic sectional view illustrating the multi-layer structure of a furtiier embodiment of the litiiium ion 
battery according to the present invention. 

Fig. 4 is a schematic sectional view illustrating the multi-layer structure of a still further embodiment of the lithium 
ion battery according to the present invention. 
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Description of the Preferred Embo diments 

In the first method of producing a lithium ion secondary battery of the present invention, a paste-like active material 
mixture prepared by mixing an active material powder and a particulate material comprising a polymer soluble in a non- 
aqueous electrolytic solution is applied to a collector to a uniform thickness, and tiien dried to prepare an electrode 
comprising the active material powder and particulate material. The electrode thus prepared is then assembled into a 
battery structure comprising an electrode laminate 4 having a separator provided interposed between a positive elec- 
trode and a negative electrode as shown in Fig. 1. The foregoing electrolytic solution is tfien injected into the battery 

structure. . 

30 In the case of the first method, the electrode has previously comprised a particulate polymer soluble in a nonaque- 
ous electrolytic solution incorporated therein, making it easy for an electrolytic solution having a reduced viscosity to be 
injected into and fill voids in the electrode. The dissolution of tiie polymer in the electrolytic solution which has thus been 
injected makes it possible to render tiie electrolytic solution highly viscous or gel tiie electrolyte solution. Thus. It can 
be easily made possible to fill up microvoids in the electrode with a highly viscous or gelled electrolytic solution which 

35 exhibits a reduced fluidity that can reduces danger. Further, the polymer also serves as an adhesive tiiat can enhance 
the strength of tiie electrode. Moreover, since the particulate polymer is introduced into tiie electrode together with an 
active material during the preparation of the electrode, it can be incorporated in the electrode in a desired amount over 
the entire region in the electrode, making it easy to adjust ttie viscosity and gelation degree of the electrolytic solution. 
Thus, a safe lithium ion battery having an excellent charge-discharge efficiency comprising a low fluidity or gelled 

40 electrolytic solution can be easily obtained. 

In this case, the active material mixture preferably comprises a binder resin, an organic solvent, a electrically-con- 
ducting particulate material, etc. incorporated therein in a proper amount besides the active material powvder and the 
particulate material conprising a polymer solL±>le in an electrolytic solution. The present mettiod has been descnlDed 
witii reference to the application of the active material mixture to a collector which is tiien formed into an electi-ode plate. 

45 However, it is not always necessary to use a collector. 

The second method of producing a littiium Ion secondary battery of the present invention comprises subjecting the 
electrode comprising a particulate polymer uniformly incorporated therein obtained in the foregoing first method to 
oscillation in a particulate material comprising a polymer soluble in a nonaqueous electi-olytic solution or like freatment 
so that ttie particulate polymer is externally infroduced into voids in the electrode. assenrWing the elechrode comprising 

so a particulate polymer incorporated also in its voids into a battery structure, and then injecting the nonaqueous electro- 
lytic solution into the battery structure. 

In addition to the same effect as exerted by the foregoing first metiiod, the ttiird method exerts the following effects. 
In some detail, the furtfier external introduction of a particulate polymer into tiie electrode comprising a particulate pol- 
ymer incorporated therein uniformly over the entire region thereof causes the distribution of the particulate polymer in 

55 the electrode to be scattered, making it possible to change the viscosity or gelation degree of tiie electi-olytic solution 
depending on the site in the electrode. By changing ttie viscosity or gelation degree of the electrolytic solution in vokls 
in ttie electrode depending on ttie site in the electrode, tiie charge-discharge characteristics of the electrode which acts 
as a battery can be affected. 
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In other words important factors determining the charge-discharge efficiency of lotteries include the effiaency of 
doping and dedoping of IHhtum ion during charging and discharging of active material. In an ordinary battery structure, 
the ease of migration o1 lithium ion is uniform in the electrolytic solution. Therefore, doping and dedoping of lithium ion 
occur particularly in the vicinity of the surface of the electiode close to the separator. Thus, the active material in the 
electrode cannot be effectively used, making it impossible to provide desired charge-discharge charactenstics. It is 
thought on the other hand, that as in the lithium ion secondary battery according to the present invention, by raising the 
visoKity or gelation degree of the nonagueous electrolytic solution in the electrode toward the separator, the difference 
in the doping and dedoping rates in the positive and negative electrode active material layers between on the separator 
side and inside the active material can be relaxed, making it possible to effectively use the active matenal inside the 
electrode and hence improve the charge-discharge characteristics of the battery. 

Accordingly by raising the viscosity or gelation degree of the nonagueous electrolytic solution in the electrode 
toward the separator, the charge-discharge characteristics of the battery can be further improved. In accordance with 
the present method, a battery having the constitution of the present invention, i.e., a safe battery which comprises a 
nonagueous electrolytic solution having a higher viscosity or gelation degree in the electrode toward the separator and 
hence exhibits better charge-discharge characteristics can be easily obtained. 

The fourth method of producing a lithium ion secondary battery of the present invention comprises coating the elec- 
trode comprising a particulate polymer uniformly incorporated therein obtained in the foregoing first method with or dip- 
ping the electrode in a solution of a polymer soluble in a nonaqueous electrolytic solution, drying the electrode, 
assembling the electrode thus dried into a battery structure, and then injecting the foregoing electrolytic solution into the 

'^"^7the present method, the application of the polymer solution to the electrode or the dipping of the electrode in the 
polymer solution makes it possible to further introduce the polymer into voids in the electrode comprising a particulate 
polymer uniformly incorporated therein. Thus, the present method exerts the same effect as in the foregoing third 

""^ TT?e tenth method of producing a lithium ion secondary battery of the present invention comprises forming an active 
material powder into an electrode, subjecting the electrode to oscillation in a particulate material comprising a polymer 
soluble in a nonaqueous electrolytic solution or like treatment so that the particulate polymer is externally introduced 
into voids in the electrode, assembling the electrode comprising a particulate polymer incorporated in its voids into a 
battery structure, and then injecting the nonaqueous electrolytic solution into the battery structure. In accordance with 
the present method, the electrolytic solution can be rendered highly viscous or gelled. Further, the distribution of the 
particulate polymer in the electrode can be scattered. Thus, the viscosity or gelation degree of the electrolytic sduton 
can be changed depending on the site in the electrode. Accordingly, a battery having the constitution of the present 
invention, i.e.. a safe lithium ion battery comprising a low fluidity or gelled electrolytic solution and having an excellent 
charge-discharge efficiency can be easily obtained. . l 

The electrode formed of an active material mixture powder may comprise a binder resin, an organic solvent, an 
electrically-conducting particulate material, etc. incorporated in the active material powder as necessary. These addi- 
tives may be appfied to the collector which is then formed into an electrode plate. 

The twelfth method of producing a lithium ion secondary battery of the present invention compnses coating an elec- 
trode formed of an active material powder with or dipping the electrode in a solution of a polymer soluble in a nonaque- 
ous electrolytic solution, drying the electrode, assembling the electrode thus dried into a battery structure, and then 
Injecting the electrolyte Into the battery structure. The application of the polymer solution to the electrode or the dipping 
of the electrode in the polymer solution makes it possible to externally introduce the polymer into voids in the electrode. 
Thus the present method exerts the same effect as in the tenth method. 

As the polymer soluble in the electrolytic solution employable in the present invention there may be used a poly- 
ether polymer such as methacrylic polymer, acrylic polymer, polyethylene glycol and polypropylene glycol, a polymer 
obtained the copolymerization of these polymers with other monomers or such a polymer connpnsing vanous addi- 
tives such as crosslinking agent optionally incorporated therein. 

The particulate polymer to be mixed with an active material povwler whi<*i is then formed into an electrode has a 
grain diameter of not more than 20 pm. preferably not more than 5 jim. If the grain diameter of the particulate polymer 
is too great the particulate polymer is unevenly dissolved in the electrolytic solution with which the electrode is impreg- 
nated. The grain diameter of the particulate polymer to be externally introduced into voids in the electrode formed of an 
active material powder is not more than 1 ^m. preferably not more than 0.2 jim. 

As the positive electrode active material employable herein there may be used an oxide of lithium with a transition 
metal such as cobalt, nickel and manganese, a chalcogen compound containing lithium, a composite compound 
thereof a chalcogen compound containing the foregoing oxide and lithium, or such a composite compound compnsing 
various additive elements incorporated therein. As the negative electrode active material employable herein there may 
be preferably used a carbon-based compound such as easily graphitized carbon, difficultly graphitized cartjon. poly- 
acene and polyacetylene or an aromatic hydrocarbon compound having an acene structure such as pyrene and peryl- 
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ene In practice, however, any materials capable of occluding and releasing lithium ion. which plays an essential role in 
the battery operation, may be used. Such an active material is used in a particulate form. The grain diameter of the 
active material is preferably within a range from 0.3 to 20 jim. particularly from 1 to 5 jim. If the grain diameter of the 
active material is too small, there occur too few voids in the electrode thus formed. Further, the surface area of the 
active material coated by an adhesive (binder resin) during the formation of an electrode is too great. Thus, doping and 
dedoping of lithium ion during charging/discharging cannot be efficiently effected, deteriorating the battery properties. 
On the contrary, if the grain diameter of the active material is too small, the thickness of the electrode cannot be easily 
reduced. Further, the packing density of the active material is reduced. 

As the electrolytic solution there may be used an electrolyte salt containing lithium dissolved in a nonaqueous sol- 
vent used in conventional batteries, ^ecific examples of the nonaqueous solvent enployaWe herein include ether sol- 
vents such as dimethoxyethane. diethoxyethane. diethyl ether and dimethyl ether, and ester solvents such as ethylene 
cart>onate, propylene cart>onate. diethyl carbonate and dimethyl carbonate. These solvents may be used singly. Alter- 
natively two of these same or different kinds of solvents may be used in admixture. As the electrolyte salt to be used 
for the electrolytic solution there may be used UPFe. UAsFg. UCI04. UBF4. UCF3SO3. UNCCFsSOgfc. UCCCFsSOafe 

or the like. . 

As the collector there may be used any metal which stays stable in the battery. For the positive electrode, aluminum 
is preferably used. For the negative electrode, copper is preferably used. The collector may be used in any form 
selected from the group consisting of foil, net and expanded metal. In practice, however, the collector is preferably in a 
form having a great void area such as net and expanded metal because such a form helps the collector to be impreg- 
nated with the electrolytic solution after bonded to the electrode. 

Possible examples of the battery structure include one comprising a single electrode laminate having a separator 
laminated with an electrode as shown in Fig. 1 . a flat laminated structure obtained by laminating a plurality of electrode 
laminates as shown in Fig. 2. and a muhi-layer structure such as flat wound structure comprising a plurality of electrode 
laminates formed by ellipsoidally winding an electrode and a separator as shown in Figs. 3 and 4. The present invention 
can secure safety and improve the charge-discharge efficiency. Accordingly, a safe and compact multi-layer structure 
battery having a high charge-discharge efficiency and a great capacity can be obtained as well. 

The present invention will be further described in the following examples, but the present invention should not be 
construed as being limited thereto. 

Embodiment 1 - 4 

88 wt-% of UC0O2 as a positive electrode active material powder. 4 wt-% of a particulate polymer set forth in Table 
1 as a particulate material comprising a polymer soluble in a nonaqueous electrolytic solution, and 8 wt-% of a graphite 
powder (KS-6. available from Lonza Japan Ltd.) as an electrically-conducting particulate material were mixed. The mix- 
ture was then mixed with a polyvinylidene fluoride as a binder resin to prepare a positive electrode active material mix- 
ture The active material mixture thus obtained was then applied to an aluminum foil having a thickness of 20 |im as a 
collector to a controlled thickness of about 100 ^m by doctor Wade coating method to prepare a positive electrode 

96 wt-% of a mesophase microbead cart)on (trade name: OSAKA GAS CO.. LTD.) as a negative electrode active 
material powder, and 4 wt-% of a particulate polymer set forth in Table 1 as a polymer soluble in an electrolytic solution 
were mixed. The mixture was then mixed with a polyvinylidene fluoride as a binder resin to prepare a negative electrode 
active material mixture. The active material mixture was then applied to a copper foil having a thickness of 12 jim to a 
controlled thickness of about 100 \im by doctor k^ade coating method to prepare a negative electrode. 

A separator (Cellguard #2400. available from Hoext Seraneed) was interposed between the two electrodes to pre- 
pare an electrode laminate. An electrolytic solution comprising litiiium hexafluorophosphate as an electrolyte dissolved 
in a mixture of ethylene carbonate and 1 , 2-dimethaxyethane was then injected into the electrode laminate. During this 
procedure, the electrode laminate was held in place so that the components were not separated from each other. Extra 
electi^olytic solution was wiped from the electrode laminae. The electrode laminate was packaged by an aluminum-lam- 
inated film, and then sealed to complete a battery. 

In the battery thus prepared, ihe electrolytic solution formed a stable gel witfiout liberating from the electrode 
depending on temperature or with time. The particulate pdymethyl metiiacrylate used in Embodiments 1 and 2 had a 
small grain diameter and a low melting point and were dissolved even at ordinary temperatures and thus gelled the 
elecfrolytic solution. On the contrary, the particulate polyethylene glycol used in Embodiment 3 and the particulate poly- 
acrylonitrile used in Embodiment 4 had a large grain diameter and could be diff icultly dissolved at ordinary tempera- 
tures. Thus, after impregnation witin the electrolytic solution, these compounds were dissolved at a temperature at 
which the polymers can be dissolved but the binder resin cannot be dissolved, i.e.. 80*C. 

These batteries were then evaluated for properties. As shown in Table 1, all tiiese batteries exhibrted a high elec- 
trical conductivity and a high energy density, demonstrating that the electrodes had been fairiy filled witti the gelled elec- 
trolytic solution free of bubbles, etc. 
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* [Table 1] 
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Particulate polymer (grain diameter) 


Electrical conductivity 


Energy density per 
weight 




Embodiment 1 


Polymethyl methacrylate (0.35 jim) 


2x 10-^S/cm 


120 VS/h/kg 




Embodiment 2 


Polymethyi methacrylate (0.25 ^m) 


4x 10"^S/cm 


120 Wh/kg 


TO 


Embodiment 3 


Polyethylene glycol* (approx. 3 urn) 


5x 10-^S/cm 


90 Wh/kg 


Embodiment 4 


Polyacrylonitrile* (approx. 3 ^m) 


2x IQ-^S/cm 


100 Wh/»^ 



*: Dissolved at 80^ after impregnation with electrolytic solution 



15 EMBODIMENT 5 

87 wt-% of UC0O2. 8 wt-% Of a graphite powder (KS-6. available from Lonza Japan Ltd.). and 5 wt-% of a pol>^- 
rene powder as a binder resin were mixed. To the mixture thus obtained were then added toluene and 2-propanol in a 
proper amount to prepare a paste-like mixture. The paste-like mixture was then applied to an aluminum foil having a 
20 thickness of 20 as a collector to a controlled thickness of about 1 00 jim by doctor blade coating method to prepare 
a positive electrode. 

95 wt-% of mesophase microbead caitjon (trade name; OSAKA GAS CO.. LTD.) and 5 wt-% of a polystyrene pow- 
der were mixed. To the mixture were then added toluene and 2-propanol in a proper amount to prepare a paste-like mix- 
ture. The paste-like mixture was then applied to a copper foil having a thickness of 12 ^im as a collector to a controlled 

25 thickness of about 1 00 pm by doctor blade coating method to prepare a negative electrode. 

The posrtive electrode and negative electrode thus prepared were then sut^ected to oscillation in a particulate 
polymethyl methaaylate having a grain diameter of 0.25 jim (available from Soken Chemical & Engineering Co.. Ltd.) 
as a particulate material comprising a polymer soluble in a nonaqueous electrolytic solution. In this manner, the partic- 
ulate polymer was introduced into voids in the positive electrode and negative electrode. The positive electrode and 

30 negative electrode comprising the particulate polymer incorporated therein were then assembled into a battery in the 
same manner as in the preceding embodiments. The battery thus prepared exhibited an electrical conductivity of 2 x 
10*^ S/cm and an energy density per weight of 1 20 Wh/kg. demonstrating that the electrodes had been fairly filled with 
the gelled electrolytic solution free of bubbles, etc. 

In the present embodiment, the particulate polymethyl methacrylate as particulate polymer occurred in the elec- 

35 trode little toward the collector but much toward the other side. Thus, the distribution of the particulate polymer in the 
electrode showed a density gradient that it occurs less toward the collector side but much toward the other side. Accord- 
ingly, the electrolytic solution in the electrode showed higher gelation degree and concentration toward the surface 
thereof opposite the collector. In this anangement, the battery exhibited improved charge-discharge characteristics as 
compared with batteries comprising an electrolytic solution uniformly distributed in the electrode with respect to gelation 

40 degree. 



FMRODIMENTS 6 - 8 

The same positive electrode and negative electrode as prepared in Embodiment 5 were dipped in a polymer sdu- 
45 tion soluble in a nonaqueous electrolytic solution set forth in Table 2. withdrawn, and then dried. H the polymer solution 
had a high viscosity, extra solution was wiped from the electrodes which had been withdrawn. In this manner, the poly- 
mer was introduced into voids in the positive electrode and negative electrode. The positive electrode and negative 
electrode comprising the polymer incorporated therein were then assembled into a battery in the same manner as in 
the preceding embodiment. As shown in Table 2, all these batteries exhibited a high electrical conductivity and a high 
so energy density, demonstrating that the electrodes had been fairly fflled with the gelled electrolytic solution free of bub- 
bles, etc. The particulate polyethyl methacrylate used in Embodiment 7 had a great concentration and thus could be 
difficultly dissolved at ordinary temperatures. Thus, after impregnation with the electrolytic solution, the compound was 
dissolved at a temperature of BO'^C. 

The polymer distribution in the electrode coukl be graded as in Embodiment 5. making it possible to raise the gela- 
55 tion degree and concentration of the electrolytic solution in the electrode toward the surface of the electrode opposite 
the collector. 
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[Table 2] 






5 




Polymer solution 


Electrical conductivity 


Energy density per 
weight 




Embodiment 6 


Polymethyl methacrylate (5 wt-% toluene 
solution) 


1 X 10'^ S/cm 


100 Wh/kg 


10 


Embodiment 7 


Polymethyl methacrylate (15 wt-% toluene 
solution}* 


4x lO'^S/cm 


90Wh/kg 




Embodiment 8 


Polyethylene glycol (5 wt-% aqueous solu- 
tion) 


5 X 10'^ S/cm 


100 Wh/I^ 



*: Dissolved ai SO^'C atter impregnation with electrolyttc solution 
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By externally introducing a polymer into an electrode formed by uniformly mixing the active material powder and 
particulate polymer as LBed in Embodiments 1 to 4 in the same manner as in Embodiments 5 to 8. the polymer can be 
incorporated in the electrode also on the collector side and the polymer distribution in the electrode can be graded as 
20 in Embodiments 5 to 8. 

EMBODIMENT 9 

A piece having a predetermined size was stamped out of the same negative electrode and positive electrode as 
25 prepared in Embodiment 5 and a separator (Cellguard #2400. available from Hoext Seraneeds). These pieces were 
then repeatedly superimposed on each other to form a plurality of separator-negative eleclrode-separator-positive elec- 
trode laminates. Thus, a flat laminated battery as shown in Fig. 2 was prepared. Collector tabs connected to the edge 
of the positive electrode and the negative electrode in the flat laminated battery were then spot-welded to each other, 
respectively, to connect the foregoing flat laminated batteries in parallel to each other. An electrolytic solution compris- 
30 ing lithium hexaffluorophosphate as an electrolyte dissolved in a mixture of ethylene carbonate and 1. 2Hdimethox- 
yethane was tiien injected into the battery Extra electrolytic solution was tiien wiped from tine battery The battery was 
packaged by an aluminum-laminated film. The battery was then sealed under reduced pressure in such a manner that 
no air layers were interposed between the electrodes to obtain a multi-layer battery. 

As a result, a stable gel was formed witfiout causing the electrolytic solution to be liberated from tiie electrodes 
35 deperxling on temperature or with time as in the single-layer battery of Embodiment 5. The battery exhibited a high 
electrical conductivity and a high energy density per weight, demonstrating tiiat the electrodes had been fairly filled witii 
the gelled electrolytic solution free of bubbles, etc. Further, tiie multi-layer structure provided a compact lithium ion sec- 
ondary battery having a raised capacity. 

40 gMBQDIMENTIO 

The same belt-like negative electrode as prepared in Embodiment 5 was interposed between two sheets of sepa- 
rators (Cellguard #2400. available from Hoext Seraneeds). One end of the separators having tiie negative electrode 
interposed therebetween was then folded by a predetermined amount. A positive electrode having a predetemmned 

45 size prepared in the same manner as in Eml>odiment 1 was then inserted into the gap of tiie folded part. The laminate 
was tiien passed through a laminator. Subsequentiy, another sheet of the positive electrode having a predetermined 
size was placed on the position opposed to the foregoing positive electrode which had been inserted into tiie gap of the 
folded part. The foregoing belt-like separators were tiien ellipsoidally wound half round in such an arrangement that the 
latter positive electrode was interposed tiierebetween. The separator was furtiier wound witti a furtiier sheet of the pos- 

50 itive electrode being interposed tiierebetween. This procedure was ttien repeated to prepare a flat wound laminated 
battery having a plurality of electrode laminates as shown in Rg. 3. Collector tabs connected to ttie edge of the sheets 
of the positive electrode in the flat wound laminated battery were spot-welded to each otiier to electrically conned the 
plurality of electrode laminates in parallel to each other. An electrolytic solution comprising lithium hexafluorophosphate 
as an electrolyte dissolved in a mixture of etfiylene carbonate and 1 . 2-dimethoxyethane was then injected into the bat- 

55 tery The t)attery was tfien packaged by an aluminum-laminated film. The battery was then sealed under reduced pres- 
sure in such a manner that no air layers were interposed between tiie electrodes to obtain a multi-layer battery. As a 
result, a compact lithium ion secondary battery having a high energy density, excellent charge-discharge properties, a 
high capacity and a high safety was obtained as in Emt>odiment 9. 
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The present embodiment has been described with reference to the procedure which comprises winding belt-like 
separators having a belt-like negative electrode inserted therebetween with a plurality of positive electrodes having a 
predetermined size being inserted between the gap thus formed. However, belt-like separators having a belt-like posi- 
tive electrode inserted therebetween may be wound with a plurality of negative electrodes having a predetermined size 
being inserted between the gap thus formed. 

Further, the present invention has been described with reference to the procedure which comprises winding sepa- 
rators. However. beH-like separators having a belt-like negative electrode or positive electrode inserted therebetween 
may tie folded vvith a positive electrode or negative electrode having a predetermined size being inserted between the 
gap thus formed. 

FMRODIMENTH 

A belt-like negative electrode prepared in the same manner as in Embodiment 5 was interposed between two 
sheets of separators (Cellguard #2400, available from Hoext Seraneeds). A belt-like positive electrode prepared in the 
same manner as in Embodiment 1 was then placed on the outer surface one of the two sheets of separators protruding 
by a predetermined amount. The laminate was then passed through a laminator with one end of the positive electrode 
ahead by a predetermined amount, followed by the laminate of positive electrode, separator, negative electrode and 
separator, to form a belt-like laminate. Thereafter, the protruding positive electrode was folded. The laminate was then 
ellipsoidaily wound in such a manner that the positive electrode thus folded was contained inside to prepare a flat 
wound laminated battery having a plurality of electrode laminates as shown in Fig. 4. An electrolytic solution comprising 
lithium hexafluorophosphate as an electrolyte dissolved in a mixture of ethylene carbonate and 1. 2-dimethoxyethane 
was then injected into the battery. The battery was then packaged by an aluminum-laminated film. The battery was then 
sealed under reduced pressure in such a manner that no air layers were interposed between the electrodes to obtain a 
multi-layer battery. As a result, a compact lithium ion secondary battery having a high energy density, excellent charge- 
discharge properties, a high capacity and a high safety was obtained as in Embodiments 9 and 10. 

The present embodiment has been described with reference to the procedure which comprises winding belt-like 
separators having a belt-like negative electrode interposed therebetween with a positive electrode placed on the outer 
side of one of the separators. However, belt-like separators having a belt-like positive electrode interposed therebe- 
tween may be wound with a negative electrode placed on the outer side of one of the separators. 
30 In Embodiments 9 to 11 . the number of laminates was varied. As a result, the battery capacity increased in propor- 
tion to the number of laminates. The use of the same electrodes as prepared in Embodiments 6 to 8 made it possible 
to obtain safe batteries having excellent charge-discharge properties and a high capacity as in Embodiments 9 to 11 . 
Further, the use of electrodes having a gradient in the polymer distribution therein as in Embodiments 1 to 4 made it 
possible to further improve the charge-discharge properties of the battery. 
35 In accordance with the first and second processes for the production of a lithium ion secondary battery of the 
present invention, which comprises using an active material mixture prepared by mixing an active material powder with 
a particulate material comprising a polymer soluble in a nonaqueous electrolytic solution to prepare an electrode com- 
prising said active material powder and particulate material, assembling said electrode into a battery structure, and then 
Injecting said electrolytic solution into said battery structure, a safe lithium ion battery comprising a low fluidity or gelled 
40 electrolytic solution and having an excellent charge-discharge efficiency can be easily obtained. 

In accordance witti the thiixJ method of producing a lithium ion secondary battery of the present invention, which 
comprises externally introducing a partculate material comprising a polymer solutrfe in a nonagueous electrolytic solu- 
tion into voids in the electrode before the assembly into a battery structure in the first production process, ttie following 
effects can be added to the foregoing effects. In some detail, the viscosity or gelation degree of ttie electrolytic solution 
can be changed depending on the site in the electrode. In this arrangement, the viscosity or gelation degree of the non- 
aqueous electrolytic solution in the electrode can k^e raised toward the separator, making it possible to further improve 
the charge-discharge properties of the battery 

The fourth to ninth method of producing a lithium ion secondary battery of the present invention comprises applying 
a solution of a polymer soluble in a nonaqueous electrolytic solution to the electrode or dipping the electrode in ttie pol- 
ymer solution, and then drying the electrode before the assembly into a battery structure in the first production process 
to exert the same effects as in tfie second production process. 

In accordance with the tentii and eleventii processes for the production of a lithium ion secondary battery of the 
present invention, which comprises externally introducing a particulate material comprising a polymer soluble in a non- 
aqueous electrolytic solution into voids in an electrode formed of an active material powder to prepare an electrode 
comprising said particulate material in voids, assembling said electrode into a battery structure, and then injecting said 
electrolytic solution into said battery structure, the viscosity or gelation degree of the electrolytic solution can be raised. 
Further, the viscosity or gelation degree of the electrolytic solution in the electrode can be raised toward the separator, 
making it easy to obtain a safe lithium ion battery having an excellent charge-discharge efficiency. 
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The twelfth method of producing a lithium ion secondary battery of the present invention comprises coating an elec- 
trode formed of an active material powder with or dipping said electrode in a solution of a polymer soluble in a nonaque- 
• ous electrolytic solution, drying said electrode, assembling said electrode into a battery structure, and then injecting 
said electrolytic solution into said battery structure to exert the same effects as in the tenth production process. 
5 The first structure of the lithium ion secondary battery of the present invention comprises an electrode laminate 

^ comprising two opposing electrodes and a separator provided interposed therebetween, and a nonaqueous electrolytic 
solution retained in voids in the electrodes and the separator, characterized in that a gelling material is incorporated in 
the electrodes so that the viscosity or gelation degree of the nonaqueous electrolytic solution is higher toward the sep- 
arator. In this arrangement, the difference in the doping and dedcping rates in the positive and negative electrode active 
10 material layers between on the separator side and inside the active material can be relaxed, making it possible to effec- 
tively use the active material inside the electrode and hence improve the charge-discharge efficiency of the battery. 

The second to filth structures of the lithium ion secondary battery of the present invention conprises a plurality of 
electrode laminates in addition to the first structure. This structure can provide a compact multi-layer slmcture lithium 
ion secondary battery having a high charge-discharge efficiency and a great capacity. 

15 

Claims 

1 . A method of producing a lithium ion secondary battery, which comprises the following steps: 

20 ' preparing an active material mixture by mixing an active material powder with a particulate polymer soluble in 
a nonaqueous electrolytic solution; 

- forming electrodes (1 , 2) comprising the active material powder and the particulate material by using the active 
material mixture as a raw material; 

. assembling the electrodes (1 , 2) into an electrode laminate (4); and 
25 - injecting the electrolytic solution into the electrode laminate (4). 

2. The method according to claim 1, 

wherein the particulate polymer soluble in a nonaqueous electrolytic solution comprises at least one of methacrylk; 
polymer, acrylic polymer, polyethylene glycol, polypropylene glycol, and a copolymer obtained by the copolymeri- 
30 zation of these polymers with other nrx>nomers, 

3. The method according to claim 1 or 2, 

further comprising the step of introducing the particulate polymer soluble in a nonaqueous electrdylic solution 
externally into voids in the electrode (1 , 2) before the step of assembling into the electrode laminate (4). 

35 

4. The method according to claim 1 or 2, 
further comprising the following steps: 

- coating the electrode (1 , 2) with or dipping the electrode (1 . 2) into a solution of the polymer solut^e in a non- 
40 aqueous electrolytic solution; and 

drying the structure before the step of assembling into the electrode laminate (4). 

5. The method according to any of claims 1 to 4, 

wherein the active material mixture further comprises a binder resin 
45 and wherein the method further comprises the step of heating the electrodes (1 . 2) to a temperature at which the 
particulate polymer is molten and the binder resin is not molten. 

6. The method according to claim 5, 

wherein the particulate polymer comprises at least one of polyethylene glycol and polypropylene glycol, and 
50 wherein the step of heating the electrodes (1 , 2) comprises the step off heating them to 80 •»C. 

7. The method according to any of claims 1 to 6. 

wherein the diameter of the particulate polymer used in the method is not larger than 20 jim, preferably not larger 

than 5 |im. 

55 

8. A method of producing a lithium ion secondary battery, which comprises the following steps: 

- forming electrodes (1 , 2) comprising an active material layer; 
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- introducing a particulate polymer soluble In a nonaqueous electrolytic solution extemaPy into voids in the elec- 
trode (1.2); 

- assembling the electrodes (1 . 2) into the electrode laminate (4); and 

- injecting the electrolytic solution into a battery structure formed in the previous steps. 

9. The method according to claim 8. 

wherein the step of introducing the particulate polymer comprises externally introducing a particulate polymer sol- 
uble in the nonaqueous electrolytic solution into voids in the electrodes (1 . 2) which comprise active material layers 
formed of an active material powder to prepare the electrodes (1 . 2) comprising the particulate polymer in voids. 

10. The method according to claim 9. 

wherein the step of introducing the particulate polymer is performed by supplying the electrodes (1 . 2) into the par- 
ticulate polymer and vibrating the particulate polymer. 

1 1 . The method according to claim 9. 

wherein the step of introducing the particulate polymer is performed by coating the electrode (1, 2) with or dipping 
the electrode (1,2) into a solution of the polymer soluble in a nonaqueous electrolytic solution; and wherein drying 
the structure is carried out before the step of assembling Into the electrode laminate (4). 

12. The method according to any of claims 9 to 1 1 , 

wherein a diameter of the particulate polymer used in the method is not larger than 20 ^m. preferably not larger 

than 5 ^m. 

13. A lithium ion secondary battery comprising 

- an electrode laminate (4) conprising two opposing electrodes (1 , 2) and a separator (3) provided interposed 
therebetween, and 

- a nonaqueous electrolytic solution retained in voids in the electrodes (1 . 2) and the separator (3). 

wherein a gelling material is incorporated in the electrodes (1 . 2) so that the viscosity or gelation degree of the 
nonaqueous electrolytic solution is higher toward the separator (3). 

14. The battery according to claim 1 3. 
comprising a plurality of electrode laminates (4). 

1 5. The battery according to claim 1 4, 

wherein the plurality of electrode laminates (4) is formed by alternately arranging a positive electrode (1) and a neg- 
ative electrode (2) between a plurality of separated separators (3). 

16. The battery according to claim 14. 

wherein the plurality of electrode laminates (4) is formed by alternately an^anging a positive electrode (1) and a neg- 
ative electrode (2) between the gap of a wound separator (3). 

17. The battery according to claim 14, 

wherein the plurality of electrode laminates (4) is formed by alternately an-anging a positive electrode (1) and a neg- 
ative electrode (2) between the gap of a folded separator (3). 
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